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FOREWORD

This Technical Report covers the work performed by Wyman-

Gordon Company under Air Force Contract F336l5-76C—5083

during the oeriod 1 April 1976 through 15 Ju ly  1977 . The

primary objective of this program is to evaluate and to

scale-up the newly-developed lubrication systems for

isothermal forging of titanium alloys.

This contract w i t h  Wyman-Gordon Company is moni to red  tech-

nically by Mr. A. M. Adair , Processing and Iiiqh Temperature

Materials Branch , Metals and Ceramic s Pivision , Air Force

Materials Laboratory, Air Force Systems Command , Wriqht-

Patterson Air  Force Base , Ohio. The proor am work ~‘as

conducted by the Research and Development f le n a rt m en t  ~ f

Wyman—Gordon Company w i t h  C .  C. Chen as pr o qr am  m a n a~~~ r .

M r .  J .  E.  Coync is Vice  P res iden t  and Techn ica l  P ir ’ct o r  o t

the  comüanv , and M r .  W .  I I .  Couts is M ana c ie r  o~ the  Rcsear ch

and Development D e p a r t m e n t .
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SECTION I

SUMMARY AN!) RECOM MENDATION

A.  M a i n  Objective c it  t lie Prog  t i m

The m a i n  ol ’i c -’ct i r e  c - c - I  t he sub  ~t’ct ; ‘ioc - ;ram i s  to ov,i lu.ttt ’ an d

0 sc-n i I 0— u p  t l i t ’ n eWl\ ’ — dc - ’\ - c- ’ I ( ‘ I c - e d  I uhr i c-ni t i c - c - i ;  S \ ’ st  c- ’ l u i m  t ( c - t

i sot I ; c - ’rmc - t  I o i c - i  i t i c - i  of  b o t h  c - i  i p h a — b e t  a .ln (l l c - e t~i t t c - i t i  i urn

,t l  l i c -~’s. It is to fut t h ot  c o n t i n u e  I t i v o s t  j -~i a t  10115 i f l  j i ’ i l ’ l  O ’c- ’ c- ’ c-. j

l ub u iL ’a nt  comt ’os i t ions from the st  , i n c - t~c -oi  n t  of 1 u br i  ~‘ i t  ion

c- ’ I’ f cc  t iv eness , p r ac t  i c c - i l  t -o gu i  t e rnent  , and c- ’n\ ’ i r on m en t a l

, l c c o m ’ t , l b i l i t \ ’ , for manufacturing .ii r-cua~ t c - t ’. t . i l i t v  c- ’o i ’ i I c - o n t ’n t s

t h r ou qh  i sother ~-ta l f o r q in c -~s.

B. l u b r i c a n t s__f or !~fl~~c--i -Reta  Ttt~in  ium Al 1 ov s

1 , There is a d e t r i m e n t a l  i n f l u en c e  of q a s —  f i r e d  e n v i  r ofl f l l c -’ii t

on both a n t i — f r i c t i o n  and adhes ion c h a r a c t e r i s t i c s  ot

the l u b r i c a n ts .  None of the  present  lu b r i c an t  t- c- -c -’uid

provide satisfactory lubrication—functions for use in

the qas—fired environment.

2. In a qas-fired furnace , the performance of TRW ’s flFI N-8

and c~FTC-8 was extremely poor. Acheson ’s fle1taqla7e-6~

gave the most acceptable performance.

j  1
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3. By heating in an electric furnace , the best combination

of lubricity , adhesion, and surface f in i sh  was achieved

by TRW ’s GFBN-8. Acheson ’s Deltagiaze-69 provided

excellent anti-friction characteristics , but displayed

unfavorable adhesion properties. TRW ’s GFTC-8 gave

excellent adhesion , but had lower lubricity .

C. Lubricants for Beta-Titanium Alloys

1. The TRW ’s LFC-il gave the best combination of lubricity

and adhesion characteristics in both electric and gas-

fired furnaces for use in the 1300 to l550F temperature

range , and may represent the state of the art for iso-

thermal for ging lubricant of beta-titanium alloys.

2. TRW ’s LFC-8 provided excellent adhesion properties , but

it displayed comparably poor lubricity and stability.

The Acheson’s Del taglaze-149 had excellent anti—friction

charac terist ics; however , it gave unfavorable adhes ion

strength.

3. The gas-fired environment appeared to have an effect on

- 

- 

both metal flow and adhesion strength of the coa ting,

but the degree of in f luence  was cons iderably sma l l e r ,

as compared with the lubricants (i.e., TRW ’ s GFBN-8 ar,d

GFTC-8) for alpha-beta titanium alloys .

I - 
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B . Genera l  Sununa t -v

1. Severa l  excel  l en t  l u b r i c a n t s  have  b oc - in  r ecen t ly  devc’1-

oped fo r i so the rma l f o r g i ng  of al pha—beta  t i t a n i u m

a 1 l o~-s .  Ho wever , each l u b r i c a n t  s t i l l  has i t s  r e l a t i v e

v i t t u c s  and l i m i t a t i o n s  i n  m a nu f a c t u r in q  p e r f o r m a n c e .

2.  The r e l i c - t b i l i t \ -  of the  l u b r i c a n t  e f f e c t i v e n e s s  and

performance could not be s a t  i s t ’a e t o t ’ i l v  demonst ra ted

before one tests such lubrications directly in actual

performance conditions and requirements in the forqe

shop.

3. The glass coatings for alpha—beta titanium alloys are

excellent in lubricity and have good protective nature.

However , the inability to good atmosphere stability ,

qood release agent , low accumulation tendency , and low

corrosive activity limits the precision achievable w i t h

the qlass coatings.

4. At. the present state of technology , the isotherma l

forqinq lubricants for beta titanium alloys may be

regarded as much more readily acceptable lubricants f o r

manufacturing applications. Lubricants with excellent

combinations of lubricity , adhesion characteri stics ,

and env i ronmental iner tness are avai lab le .

3
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SECTION II

INTRODUCTION AND BACKGROUND REVIEW

A.  S t a t e -o f—Techno logy  in Isotherma l Forg ing Lubr ica t ion

Since the in t roduc t ion  of isothermal forg ing  techniques for

producing close-tolerance forg ings , considerable eff ort has

been concerned w i th  the development of improved lubrication

- 
- 

systems for  isotherma l forging of t i t an ium al loys ( 1 _ ) ,

This is bas ica l ly  because the a b i l i t y  to produce cost-

‘ 
- 

e f f e c t i v e  net  or near-net  s t ruc tu ra l  components through

isotherma l processing depends strongly upon the effective-

ness of the lubricat ion system used .

In very recent development programs of isothermal forging

lubr ica tion sys tems ( I
, 5 ) ,  several lubricants have been

developed for the isothermal forging of titanium alloys.

Among them , the TRW ’s GFBN-8 and GFTC-8 under AFML Contract

F336l5—74C—5059 , and Acheson ’s Deltaglaze—69 and TRW ’s OPT—

- 

- 
112 under AFML Contract F336l5-74C-50l1 should be particularly

mentioned . These lubricants were reported to possess superior

qualities to those of the previously available hot-die

lubricants. In addition to high lubricity , long-term thermal

stability , good chemical compatibil ity with die materials ,

they were experimentally shown to have the ability to with-

stand gas-fired furnace atmosphere. However , these lubricants

4’ 
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have s t i l l  some l i m i t i n g  f ea tu re s  for  a success fu l  r’roduc t ion

c-~ l u b r i c a n t .  I t  can be ge n e r a l ly  s t a t ed  t h a t  the  Acheson

D e l t a c - i l c - i~~e-69 possesses malor  advantaoes  over the  TRW ~cirmula-

t ions  in the  env i ronmenta l  a c c e p t a b i l i t y ,  ease 3nd safety of

app l ica t ion , bu t the  TRW lubricants appear to c-iive bet ter

removability, less d ie  b u i l d - u p  in the c a v i ty , and fewer

glass stringers.

A success fu l  l ub r i ca t ion  sy stem for  the m a n u f a c t u r i ng  net or

n e a r - n e t  forq i nq s throu qh  isothermal processing depends not

only on the basic lubrication characteristics , but also upon

Its actual performance conditions and environmental require—

met -its in  the f o rg e  shop. From m a n u f a c t u r i ng  v i e w p o i n t s ,

there a re  two f u n d a m e n ta l  bases f o r  an ac c ep t a b l e  and suc-’coss—

ful lubricant. The primary considera tion m u st  be that the

l u b r i c a n t  w i l l  disp lay  e x c e l l e n t  l u b r i c a t i o n  i c - o r f o r m a n c o  ‘or

nroducinq structural shape forqinc-is in the f or o c  shop .

Secondly , i f  one considers  the extreme therma l environment

conditions encountered by isotherma l forging systems , the

ability of a lubricant to combine the environmental , safety ,

and health requirements , as well as the ease of handling at

high temperature environments is of equal importance.

S
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B. Basic Formulations on the
Basis of the Carrier Used

Although the developed lubricants are similar in many

respects in optimizing the lubrication characteristics for

the use in hot-die systems, the basic concepts of lubricant

development can be generally grouped into two different

categories depending on the nature of the carrier used ,

i.e., the water-base ( i
, 2 ) or the xylene—base ( 1

, 5 )~~

Others are alcohol-base (e.g. Acheson ’s Deltaglaze D-347M)

and Isopropanol-base (e.g. Acheson ’s Deltaglaze D-347). The

development approach for the water-based lubricants , such as

Acheson Deltaglaze formulations , concerns with both basic

lubrication characteristics, and environmental and safety

requirements from a production basis.

In the case of xylene-based lubricants , such as TRW-OPT

formulations and Markal-CRT coatings, the fundamental concept

concentrated primarily on maximizing the lubrication effective-

ness; the environmental consequences to the use of the

lubricant in manufacturing applications are not of particular

concern. Xylene (C6H4.(CH3
)
2

) is a flammable liquid , and

also a human-toxic chemical. Its explosive limits in air

are 1 to 5% by volume. Examples of available xylene-based

lubricants are TRW ’s OPT-112, GFBN-8, GFTC-B , Markal’ s CRT ,

CRT-HA .

6 
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C . Ex~~er i m e n t a l  N a t u r e  of  
- 

I ,ub r  1 ca nt  P e r f o r man c e

The i-opt -oc -lu~ i bi l i t  y and i- e l  j a b  i l t  ty  of  t h e  l i t b i  i c- ’a t;t  per  form , in co

c-’oti ld not  be sat ist ac to r  i ly demon st  t-a ted be lore on~’ te st s

such lubrication systems d i r e c t l y  in  a d i~~ set which i s

sufficiently larc-ie and comp lex to accommodate the si:e and

geometry required for the actual structural shape forgings.

However , the  p rev ious  de~’clopment work on e v a l u a t i n g  the

l u b r i c a n t  e f f ect i ven e s s  for  isothermal f o r g i n g  of t i t a n i u m

a l l o ys  has beet ; l i m i t e d  only  to produce l a b o r a tor y — s c a l e

fo r q i nq s  (
1
, 

S
) In  some cases , the eva lua t ion  has extended

to s imula ted  a i r f r a m e  s t r u c t u r a l  components , but the s ize

and r ib-and-web geometry for  the components used were qener-

a l l y  overs impl i f i ed. In view of the advanced progress in

the techno logy of isotherma l for g irsqs for  t i t an ium alloys ,

there appears to be a need f or acce lera t ing  and for  demon-

strating the validity of the lubricant effectiveness by

forging in a more realistic and complex shape component.
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B. Status of Isothermal Forging

Technology on an Economic Basis

In titanium ah oy forginqs , the techniques of making isothermally

forged components have been available ( ‘- ‘ ) .  However , the

cost effectiveness of the isothermal processing over a wide

range of structura l components has been a question of uncer-

tainty. One of the major factors in limiting the economical

justification of hot—die processes has been the hiqh cost of

the die materials required for the process .

An alternate approach to reduce the cost of isotherma l

forging systems for titanium alloys is to use the lower d i e

temperature. This suggests that the beta type of alloy such

as ‘ri—l0v—2 Fe—3Al will be ideal candidate materials because

this type of alloys has relatively low beta transus tempera-

ture and possesses much lower flow stress than that of

alpha-beta alloys at higher temperature (Figure 1) ( 6 1 . The

possibility of using a die temperature at the 1300 to 15501’

range for isotherma l forging has excellent advantages from

the cost and the stability of available die alloys ( i )~~
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T1’CIINICAL 1-FFORT

The t e c h n i c a l  approach for the p r c c - i r a r~i wa s : c - r i r t c - ; r l  l v  c- ’I ’fl

d u c te d  in o r d e r  to d e m o n s t ra t e  t he  r e t c - r o d u c  i h i l  1 tv  and t h e

acce~~tability of newly developed i sothcc-:ma l for~~in c-~ lubriL a n t s

f o r  p roduc ing  close t o l e r a n c e  t i t a n i u ~ f c - r - ~ i ng s .  T~- ~‘~t c - i s e

I , the tech n i c a l  e f f o r t  was des igned to c r i ti c ~~ll v t e s t  . h e

l u b r i cat i o n  e f f e c t i v e n e s s  f o r  the l u b r i can t s  r e c e n t ly  d ev e lo ne d

under  AFML Contr - ic t  F 3 3 6 l 5 — 7 4 C — 5 0 5 9  ( S ) t h e  c u r r e n t ly

a va i l a b l e  l u b r i c a n t s  of Acheson D e l t a q 1 az e — ~~9 f o r  c - t1~ ’h a — b e t a

t i ta n i u m  a l l o y s  and Acheson f l ej t a g l a z e_ l 4 Q  ‘ o r beta t i t an i u :~i

a l l oy s  were selected fo r  compar ison .  An e x i s t i ng  t o o l in ~

system at Wyman—Gordon Company was used fo r  manufacturinc

a c t u a l  a i r c r a f t  q u a l i ty  component fo r~i i nqs  and f o r  e va lu a t i n q

the  l u b r i c i ty , adh er en ce c h a rac ter i s t ics , and protective

ac t i o n  of the l u b r i c a n t s .

Al so , the t echn ica l  approach  in the Phase I I  was

to develop new l u b r i can t s  which would provide combined

f u n c t i o n s  of l u b r i c a n t  e f f e c t i v e n e s s, env i ronmenta l , s a f e ty

a c c e p t a b i l i t y ,  and ease of h a n d l i ng  at extreme h igh  taerma l

environments for isothermal forg ing of alpha-beta titanium

alloys. A final comparison was made to select the one most

promising lubricant for each of alpha-beta and beta titanium

alloys.

10

—~~~~~~~~~~—------ -— -- — ---- - —---~~~-—— -- - -—  —-



- — — - -------.-- ———-- ‘--—~-- --~~~--— -‘-‘— - - ~~-‘- - -- ‘-— --‘ --—---—.---r’ -- 
‘ — -

‘
~~~~
“

~~
‘ :=:~~~~

‘
~~~~

p

c-
c- The part selected for this program is one of the F-15 bulkhead

centerbody components with a projected plan view area of 80

square inches. This die-set (Figure 2) is made of Astroloy

and has a die impression volume of 34.2 in. 3 , web thickness

of 0.18 inch , and rib thicknesses ranging from 0.08 to 0.14

inch. The draft angle for the die cavity is 00 30’ draft on

two long outside vertical surfaces , and 10 30’ draft on most

inside vertical surfaces. This part is very attractive for

assessing lubricant efficiency because it represents a

typical production part for moderate aircraft components and

also characterizes structural rib-and—web shape geometries

for large aircraft components. The results obtained from

producing this part forging should have direct applicability

to produce the still larger forgings most commonly used .

In addition , they should serve to validly produce Bearing

Support Components for the recently completed AFML Manu-

facturing Technology isothermal forging tooling program at

Wyman-Gordon Company because of similar shape and geometry

characteristics ( I )~~

1 1
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P~. Phase I - Lubricant Evaluation

1. Task I - Alpha-Beta Titanium Alloy
(l500—l800F Range)

The Ti-6Al-4V alloy was employed for this portion of the

evaluation. Two of the most promising candidate isothermal

forging lubricants developed under AFML contract F336l5-74C-

5059 (~~) were initially evauated at two isothermal part/die

temperatures of 1600F and l75OF . For comparison , the Acheson

Deltaglaze-69 was also used for this portion of the proqram .

(a) Experimental Lubricants Beveloped
Under Contract F33615—74—C—5059

The two AFML-recommended lubricants (TRW GFBN-8 and GFTC-8)

were used for forging evaluations in the 1500 to 1800F

temperature range (
c
, )~~ Ten different lots of lubricants

were received ; five , one—half gallon quantities representinq

five different batches per each lubricant. Both experi-

mental lubricants were sampled from batches number A and

number F of each lubricant for analyzing undesirable elements

at Wyman—Gordon. As qiven in Table 1 , the results of spectro-

chemical analvsis indicated that both lubricants contained

only very small amounts of undesirable elements; amounts of

As , Si , Cl , F, Hg, 1’, Pb , 5, Sb , and Na were within the

accep tab le  l i m i t .
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TABLE 1 -

SPECTROCHEMICAL ANALYSIS RESULTS OF VARIOUS CANDIDATE LUBRICANTS

Lubricant Compositions (PPM)
Phase I (Task I )  Phase I (Task I I )  Phase I I

Element* GFBN-8 GFTC- 8 LFC-8 LFC-ll Water Glass
A E A E (CP-C9 )

As <10 ‘-10 ‘-10 <10 <100 <100 100
Bi 30 50 20 ~l0 

< 10 10 < 10
Cl <100<100 <100<100 < 50 ‘ 50 c- 70
F <50 <50 <50 <50 < 50 < 50 < 50
Hg ‘100<100 <100<100 < 10 < 10 < 10

P <30 <30 <30 <30 38 58 <- 50
Pb <10 ‘-10 <10 <10 maj ** 10 < 10
S <20 <20 30 70 <100 <100 40
Sb <10 <10 <10 <10 < 10 < 10 ‘- 10

Al maj maj maj maj 1000 1000 500
B maj maj maj maj < 10 maj 10
Co <10 <10 100 100 < 10 maj < 10
Cr <10 <10 <10 <10 < 10 >l000(min.)** 10
Fe maj maj maj maj maj 10 maj

K <10 <10 <10 <10 <100 — 100 ‘-100
Mg maj maj maj maj 100 100 ‘-100
Mn 100 100 100 100 100 100 - - 10
Na <10 ‘-10 <10 <10 1000 10 maj
Si maj maj maj maj maj maj maj

Ti <10 ‘-10 maj maj 10 10 10

* Ca , Cu , Zn , Zr, and Sn < 10 ppm for all of the lubricants

Ba , Li, Ni , and Sr are <
100 ppm for all of the lubricants

** maj. = major
m m .  = minor
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- (b) Prel iminary  Rib-and-Web Forg ing T r i a l s

( 1) F i r s t  P re l imina ry  Eva lua t i on

In order to g ive a more c a r e f u l  selection of the control

lubr ican t s  for  the program , various Acheson lubricants

(samples) were obtained from Acheson for preliminary lubri-

cant evaluation; these lubricants were modified from Delta-

glaze-69 and Deltaglaze-149 with either silicate-removal or

BN-addition (8). A series of rib-fill forging tryouts were

- ‘ made to compare the lubrication e f f i c iency  of these Acheson

lubricants , using Wyman-Gordon Astroloy-U700 rib-and—web

dies. As shown in Figure 3, this forging is about 5 inches

in length, 3 inches in width , and 0.9 inch in thin vertical

ribs. The die cavity has a die impression volume of 5.85

in ’, plane view area of 15 in2 , web thickness of 0.20 inch ,

rib thickness of 0.12 inch, and 00 30 ’ draft on all outside

vertical  surf aces.

Fifteen Ti—6Al—4V flat blanks (0.5 inch x 2.65 inch x 4.64

inch) were machined as preforms for this experiment. The

plate stock for these blanks was produced by hot—rolling at

1750F; the preform microstruc ture for this plate stock is

given in Figure 4.



- -

p1

TOP DIEI

200 

.06 R

.1 
_

90 3.04

-
~~~~ ~-.I2 TYP 

DIE
I -.~~~~ ..-O’30’2 .44

Figure 3 A sketch showing the dimensions of sample shape for
rib-and-web forginq tryout of lubricants at Wyman-Gordon
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The lubricants used for this evaluation included Deltaqlaze-

69, Deltaglaze—347M , Deltaglaze— 349M , TR—939, TR—939-4-BN ,

Deltaglaze-l49 , WO—322A , and TR—750. The 1/2 inch flat

blanks of Ti-6Al-4V alloy were one-stage forged to the “H”

shape configuration (Figure 3) with closely controlled

forging variables. They were forged at three different

part/die temperatures (l7SOF , l600F , and l500F). Other

forge variables were held constant; average ram rate 0.2

in/rn, average forging time ~50 seconds , transfer time from

furnace to dies ~5 seconds , furnace time = 45 minutes ,

preform microstructure = ca+~~, excess preform volume = 5%,

preform preparation method = machined , lubricant film thickness

6 mils , lubricant application method spray . The maximum

forqing deformation was 50% reduction in thickness. After

the forging opera tion , the forgings were air—cooled and

sandblast-cleaned , and the final web thicknesses were measured .

F’iqure 5 illustrates an example of the initial preforms used

and the actual forgings produced .

Acheson ’s WO-315A lubricant is chemically the same as Delta-

qlaze—69 (originally designated as WO—315) except that the

3% sodium silicate was removed from WO-3l5 with the intention

to improve the die life. Similarly , the WO—322A is a no-

s ilicate ver sion of Deltag laze—l4 9 (originally desionated as

WO-322). The TR-939 lubricant was a modification of WO-3l51\

in order to improve the long-term shelf life; shelf life of

I a

- - -~~~~~~~~~ -- - - -~~~~~~~~~~~~~~~~~~~~~~~ - ‘ ~~~~~~~~~~ - —~~~~~ _ -—i
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Figure f Example  of machined p r e f o r m  used ( a )  and rib—and—web forc -~ i n~
produced (b )  for  t h i s  e v a l u a t i o n.
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WO-3l5A was reduced considerably when the silicate was

removed . Deltaqlaze’-347M and Deltaqlaze-349M are c h e m i c a l l y

similar to Deltaglaze—69 and Deltaqlaze—149 , respectively ,

but the alcohol was used as carrier for both Deltaqlaze-347M

and Deltaglaze—349M. The carrier for TR—750 lubricant is

trichiorethane .

It is seen from Table 2 and Figures 6 and 7 that among the

Acheson formula tions , the Deltaglaze-69 and its alcohol—base

version Deltaglaze-347M had favorable anti—friction character-

istics , and surface finish at l600F and l750F . The Delta—

qlaze—149 displayed comparably satisfactory results at

l500F , as compared with WO—322A and TR-750; our experience

showed poor thermal stability of the coating at l750F. The —

removal of sodium silicate from these lubricants (TR—939 and

WO-322A) reduced the lubricity and increased the adhesion

strength. Also , no obvious improvement in lubrication

efficiency was observable by the BN-addition (designated as

TR-939 [BNfl . From a production standpoint , the adhesion

properties for these Acheson lubricants can only be rated as

good.

(2) Second Preliminary Evaluation

Very recent results from ring compression and adhesion

testings as performed by Westinghouse (
7

, 
11

) showed that , in

* 
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spite of excellent anti-friction which could be achieved by

the Deltaglaze-69 , unfavorable adhesion characteristics were

observed . From a produc tion bas is , any failure in removinLi

the f o r q in q s  under the extremely thermal environment conditions

encountered by isotherma l forg ing systems in the forge shop

will cost many times the amount that can be achieved by

improving the anti-friction features. Note that the friction

factor for currently promising and available isotherma l

terging lubricants is of similar magnitude , e.g., the value

41-’f m is in the range of 0.05 to 0.15 at l650F for these

lubricants.

One 41-’f the important factors for demonstrating the lubrication

effectiveness for the newly developed experimental lubricants

is the use of a proper ‘ control” lubricant . Hence , an additional

effort was made specifically to compare the adhesion and anti-

friction characteristics for several most promising lubricants

using rib-and-web forging tests. The lubricants included TRW ’s

GFBN-8 , GFTC-8 , OPT-1l2 , Acheson ’s Deltaglaze-69 , Deltaqlaze—l4~~,

Deltaqlaze-347M , Deltaglaze—349M , and Markal ’s CRT and CRT-HA

coatings. An additional reason for making this lubricant

optimization trial is to examine the possible detrimental effect

ar i s i ng f rom the use of the exper imen tal lubr icants , i.e.,

TRW ’s GFBN-8 and GFTC-8. It should be noted that recent results

obtained at Westinghouse (
c-I

) ind ica ted that Mar k a l ’ s CRT and CRT-HA

coatings arc more favorable in adhesion characteristics than

Ache son ’s flelt a41~laze—~~~.
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Forty—two fl at blanks of Ti —6M —4V c--il 1 oy plates Wer e  l l i - I r h  i ned

from hot r o l l e d  pl ate stock to 0.5 inch x 2.65 i n c h  x 4.64

C 
i nch preforms. They were coated with vc-irious l ubri cant s

5~ c-e q’ ibl  e ~) I or 6 mi is. Again , these  pre fo rms  were

ctir ec t Iv  f i n i s h  fo rge d  in  Of lO  op er a t  i o n  w i t h  r lo se l y con—

t rol  led forging var iahl es. They were f o rg e d  ~it 1 0 1 1 1  d it —

I I ’ y O f l t  l b c - I r t  ‘di  ~ ‘ I em~~e rc - i t u r tc-s of i75 0l-~ ‘1 750!~; I 600V/l 1:001-’;

I 7 01-’/ i 125F ~ and I Thor / I  2 0 0F .  F u r n a c e  t im e  was I we ( “ )

h ou r s  c - i ml F- rc -i nsf ( ‘r t i me From i ur n c - ic’e to d i  e was a I’ou t Ii ye

(I , )  seconds . A dumm y samp i e was used t e remove I he residual

1 ubes he I ween the d i f  I e re n t  coat  i nq . Th e f org i f igs  w et - c

b l as t -c l e a n e d  and the web—thicknesses were measured .

As a result , t he  best c o m b i n a t i o n  of l u b r i c i t y ,  c - 1 ( l h O S iO t \

char 1 i c t  en st - i c ’ s , c - m d  s11 r 1c -~ ( ’e f i n i s h  was achieved by TRW ’ s

TRW ’s fll c-’9’C— 8 also qa’c- ’ (’ good T’(-”r I (-Prm c -i fl ct’ c- u t  1 75 0 1 ’  I 0

l ( c - O O r ’  t e I u l ’ e T c - l t : i I t b - ianqe. Acheson ’s 1)01 ~~ c - 1 1 ] c - 1  5 c - 1c - q  and Pci t ; j

‘I i  c - i ~~~~ e—  ~4 7 M  1g ~~~\’ i d i’d ( ‘c-< ( c - ( ’l 1 i ’nt r i b — f i l l  , b u t  it b c - i s  a t I c -n d c ’ l l c \c-

( P  st i (c-k 0 I 1W (I i  05.  TRW ’ S O P T — i  1 c- I l c - 1 V ( ’  ~c-~c-~( c-
~c- i i  (c -flf a ( l h t ’S j ( ‘ 1 1

~ ro~:t ’r t  V , h o W e V ( c - T  , Si qni I j cint 1 ~~‘ t~t ’( I l1C ( ’ ( 1  1 h& ’ (1c c - i 1 P ’( ’ ( -I I  T P ~H t  —

l i i i . The performance of Mark,il ‘s f o r m u 1 a t~ ons W dC C r~’lc - i—

I- I ye 1 y poor , i c - c .  , heavy di  c—I)u i i du p  , poor c - i l t t  — Fr ct (rn c- 1li( i

adhesion characteri st ic’s, and poor surface fin i sh. The

Deitaqiaze— 149 displayed satisfact- ory results at 17501- c- /i 1- ’

and 1750F/1200F conditions. Fiqurc’s 8 and 9 ill us tr a te t he

r i b—and—web forq inqs produced from thi s prel I m l nc - i  ty eva 1 h a t  i o n .

- ______
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TJ~BLc- I-~ 3

FORGING VARIABLl-~S USED FOR
PHASE I

SFCOND PREIc-IMINARY RIB-AND-WEB FORGING EVALUATION

Stock Die Ram Ic-cad
Serial Temp . Temp . Rate Aop 1 iod
Number  L u b r i can t *  (F )  ( F )  ( i n / m m ) ( t o n s~

1 ,6,10 GFBN—8 1750 1750 0.2 2 2 5
2, 11 GFTC—8 1750 1750 0.2 225
3 , 12 OPT—Ill 1750 1750 0.2 225
4 , li D—149 1750 1750 0 . 2  2 2 5

5 , 14 , 15 D — 6 9  1750 1750 0 . 2  2 2 5
7 , 16 D — 3 4 7 M  1750 1750 0 . 2  125
h , 17 M—CRT 1750 1750 0 . 2  125
9 , 18 M — CRT— IIA 1750 1750 0 . 2  22 5

19 , 26 GFBN—8 1600 1600 0.2
20 , 27 GFTC—8 1600 1600 0 . 2
21 , 28 OPT—1l2 1600 1600 0.2 375
22 , 29 D—149 1600 1600 0.2
23 ,30 ,33 D—69 1600 1600 0.2
24 , 31 M—CRT 1600 1600 0.2 ~~71~

25 , 32 M—CRT—HA 1600 1600 0.2 ~~ 7 r ~

34 GFBN—8 1750 1325 5 t~00
35 GFTC—8 1750 1325 5 c - 0 O

36 OPT—112 1750 1325 5 (~00
37 P — 1 4 9  1750 1325 5 (: 0 (1
38 D—69 1750 1325 5 (‘00
39 M—C R T 1750 1 3 25  5 ( ‘00
40 M—CRT—HA 1750 1325 5 (~00
41 c,F }3N—8 1750 1200 5 800
42 D— 14 9 1750 1200 5 000

* C’1FBN— 8, CFTC—8 , and OPT-l12 are TRW ’s f o r m u l a t ion s;

D—149 , D—6~~, D—349M , and D— 347M are Acheson ’s fleltaqIa:~e
formulations ; M—CRT and M—CRT—I- IA are Markal—CRT f o r n m l c - i t i o n s

I
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Based on the results of the two preliminary lubricant evaluations ,

it was concluded that Acheson ’s Deltaqlaze—69 is preferable

to TRW ’s OPT-112 as the “control” lubricant for the finish

forqinqs in the 1600—1750F temperature range. Specific

reasons are: (1) favorable anti-friction characteristics ,

(2) excellent thermal stability , and (3) qreat ease of

application . Art additional reason is that both TRW ’s GFBN-8

and OPT-112 have similar formulation compositions , and Cc-FBN-

8 appears to have much better lubricity than the OPT—l12.

(c) A Scaled-up Approach of
the Lubrication Systems

The present lubrication tes tings for the most promis ing

candidate isothermal forging lubricants developed under

contract F336l5-74--C--5059 have been limited to ~ma1l-scale

laboratory forgings only ( 5 ) In order to ca rry on the

c- 1oq i~~~~~~~3 steps toward manufacturing applications, the eval—

uation of these lubricants on an actual aircraft component

for ging is required for tes ting more closely related to

application performance. As described earlier , the proposed

die set for this program is an actual aircraft structural

part which includes those features of typical. structural

aircraft components. This die cavity combines maximum I -

advantages of moderate size , 80 square inch in plan view ,

and rib-and-web geometry . It would serve to validly scale-

up to the still larger forgirigs most commonly used .

34
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-
~~ As previously stated , the theme for this portion C- P t t he

evaluations i s  the comparison of the lubrication ef t ec t lye-

ness F or  two experimental lubricants (GFBN—8 and GF TC—S )

with the Acheson ’s Deltaglaze-69. The major v a r i a b l es

desiqned to examine the lubricant performance arc as I c c - i lows :

degree of p ar t  f i l l , ease o f pa r t  re lease  t rom the  c - l i e

cay i t  y , sever i tv of l u b r i c a n t  b u i l d up , c - mud cenc- l  i t i 01) c ’

surface integrity .

( 1 )  Ti tanium Alloy For c --ii nq ~ t c c -c -k s

The starting material was 4-~)’l6 inch diameter T i - : - ~ i - 4V

bar , purchased from Titanium Metal Cenipanv of America . he

chemistry, ~x + ; ~~’~~ transus , and micrestt-ucture e~ the c - m s

received stock (TMCA heat N—8 554t were checked c - i t  1~’~~c - r u c -i n —

Gordon . The chemical composition was det er m i ned I c - I ic -c

closely agreed with the certified chemistry t~~’c-
- t h e  i ti c - :c -’t

producer and the c- -c - +~~ ‘ i~ transus wa s d e t e r min e d  t e be 1 0

The starting billet had c-i structure characterized by t h e  —
~~~~ ;~

finish. This material was sonic inspected and met ~~I 1  — T-

9047 requirement per approved procedure. Table 4 pr esen t s

chemistry for the proqram materials.

_ _ _ _  _ _  _ _
_ _ _ _ _ _ _ _ _ _  j
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(2) I’rel irni nary Processinqs
fo r  F o r q i n q  S tocks

The i n i t i a l  Ti—6A 1— 4\c- a l loy  stock was cogged and d r a w n  f r o m

4 — 9 / f l ’  inches  round to 2 — 1 / 4  inches round at  l7~~OF U S if l~1

hyd r a u l i c  press .  They were then sectioned i n to  c-) inch lonc -C

m u l t i p les , blasted , ground to remove minor wrinkles , c-~nc-1

chom—milled to remove surface layers. The flattening ,

r o l l i n g , f u l l e r , preblocker and blocker operations were

subsec-auently carried out for these multiples.

These operations were performed by hammer for-iina a t  1750F’

i n the Worcester  p lan t  of Wyman—Gordon Company . Forty-four

Ti— 6Al—4V alloy blockers were produced for finish for~iin ci

operations. An example of top and bottom views of the

blockers  produced is g iven in Figure 10.

(3) Finish Forging Evaluation
for Ti-6Al-4V Alloy
( 1500—l8 00F  Range )

As stated earlier , in order to insure the constancy of forge

operations for the investigation , the forge variables such

as forge/die temperature , ram rate , preform volume , f u r n a c e

time , and forge pressure were closely controlled and c-mp p l it’d

in a consistent manner. The two experimental isothermal

forging lubricants , i.e., TRW ’ s CFBN-8 and CFTC-~~, were used

for this evaluation (Table 5). For comparison , the Acheson

Deltaglaze—69 was used as the “control” lubr icant fo r this

portion of the program .
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TABLE 5

COMPOSITIONS OF ISOTHERMA L FORGING LUBRICANTS
SELECTED AND USED FOR PHASE I (TASK I) EFFORT

Lubricant
Source Desi gna t ion  Composit ions and Formula t ions

TRW GFBN_8* 850 Gram Batch:
300 gm of vitreous phase (31W/oSiO- c-,,
67W/ oB2 O3, 2 . OW/ oCaO , l.OF’eO ,
trace MqO , trace K20)
24 gin of BN (9—30 ~ size )
44 6 gm of xylene

77 gm of ac ry l ic  emulsion

TRW GFTC_8* 850 Gram Batch:
300 gm of vitreous phase (3lW/oSiO 2,
67W/o8203, 2 0W/oCaO , l.OFeO ,
trace MgO , trace K20)
24 gm of TiC

457 gin of xylene
78.1 gin of acrylic binder

Acheson Delta_ ** water—based silicate glass compound
Colloids g laze
Company 69

TRW OPT_ll2** 14% Boron Nitride
86% Glass
Glass Composition - 67% 8203
33% Silica Glass Frit with
2% Transition Metal

* Lubricants recommendea from
AFML Contract F33615—74C—5059
(reference 5)

** Lubricants recommended from
AFML Contract F33615-74—C—5011
(reference 1)
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c c -  Preform microstructure : ;j+0

Recent results (
1
, l O ) suggest that an (cc-+0) preform

followed by an ( c c - + t I ) finish should result in the lower

pressure required and provide better die-fill , as

compared to L’-preform . It is anticipated that the

residual ~ structure from billet conversion will be

eliminated after considerable preliminary deformation

has applied to the preform in the c-j + (c - f i e l d .

c- I dc - Preform prepara tion method
and excess preform volume

The preforms were produced at 1750F in existing conventional

- 
I 

blocker tooling in order that the basic preform volume

and distribution can be controlled . An excess preform

volume of ‘-2% was used to eliminate possible forge

pressure variations due to flash formation and were

controlled by chem-millinq .

e. Furnace Atmosphere

The initial attempt was to use gas-fired furnace as

preheatinq furnace in order to simulate the atmosphere

— condition in the forge shop. However , i t  was discovered

during early forging operations tha t the gas-fired

environment had significantly reduced the metal flow

characteristics and changed the coatinq appearance (see

Ec-c - i q u r e  1 1 ) .  Therefore , both gas-fired and electric

furnaces were then used for this evaluation.

- I c -

- - 
~~~~~~~~~~~~~ c- c-c-c- r ~~~~~~~~~~~~~~~~~~~~~ ~

c-c- .._c-. c - c -  - .
~~~~~

- - ._
—fl--- -~~~~~~~~~~~ - ~~~~~- - --~~~~~~~~~~~~~ ‘-~~~



c- c-

~~~

- c - c -- c-c- c - _ _  

~~~~~~~~~~~~

p

~~~~~~
c-?,c- c-

~~~~~
i r c - 1 

c-c-— I

j  I

-I i 1101)

( c - i  H ~ c- c-
~~ 

i
c - l~~ C 0 c - c - l t I c- c- I 

-

I c - I

- c-

rJ~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i c - i c -j u r e  11 Change in coating appearance after 3 hours exposure
at l750F: (a) as—coated , (b) electric furnace ,
(c) gas-fired furnace
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In add it ion , the transfer time for the part from furnace to

die cavity was controlled at five (5) seconds. A constant

forge -
c- ksi for 1750F and 37.5 ksi for l600F) pressure was

app lied for all the forgings; th is is impor tan t in order to

compare the degree of die-fill and metal flow for different

lubricants.

As a result, the performance of TRW’s GFBN-8 and GFTC-8 was

extremely poor by heating in a gas—fired furnace at both

l75OF and 1600F; lack of rib-fill and part-distortion or

bending on ejection were observed . The Acheson Deltaglaze-

69 appeared to give the most acceptable performance for gas-

f ired environment, as compared with GFBN-8 and GFTC-8, but

the degree of part-fill was also reduced from that for

electric furnace c- The results of the as-forged condition

for the 44 forgings are i l lustrated and compared in Figures

12 through 15. Figures 16 through 19 fur ther present the

blast-cleaned surface condition for these structural com-

ponent forgings.

By heating in an electric furnace, the best combina t ion of

lubricity, adhesion characteristics , and surface f in i sh was

achieved by TRW ’s GFBN-8. Acheson ’s Deltaglaze-69 provided

excellent anti-friction characteristics , but it di splayed

unfavorable adhesion properties. TRW ’s GFTC-8 gave excel-

lent adhesion characteristics, but it s ignif icant ly  reduced

the degree of part-fill (see Figures 12 through 19).
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i t  should be particularly emphasized that the observation of

the de t r imen ta l  in f luence  of g a s - f i r e d  furnace  on metal  f low

and adhesion s t rength  w i t h i n  shor t - t ime fu rnace  exposure

(‘4-I . -’2 hours) was surprising . Although the gas—fired

furnace has been used often for comparing the thermal stability

of the coatings on small—scale laboratory samples or forqinqs ,

the prev iou s tests ha ve been limi ted to th ickn ess a nd we igh t

changes of the lub r i can t  f i l m s  and visua l examination of the

film appearance and characteristics. Here the direct demon-

stration of the effect of gas—fired environment on both

anti—friction and adhesion characteristics of the lubricants

fo r prod ucing a n act ual ai rcr a f t  com ponen t fo rgi ng may

accou n t fo r a n impor tan t  accompl ishment  of the Phase I

tc--c - f f o r ts  in the subject program .

Based on the above results , two essential considerations

have to be taken in orde r to imp rove and to r epr esent the

state-of—the—art in isotherma l forging lubricants. First ,

if  the newly developed lubricants will become production

C lubricants , the use of an electric furnace as a preheat

furnace prior to isothermal forging is necessary . This

appears to be impractical since most of the forge shops use

gas-fired furnaces as preheating furnaces due to economical

reasons. Second , in order that the developed lubricants

could be commercially acceptable in the forge shop, the

future experimental effort on the evaluation of new lubricant

formulations should use the gas-fired furnace.
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2 .  Task I I  — Beta Titanium Mlc-w
(1300—1550F Ranqo)

Ic- s dc-’Sclibed c- c- c - i l - I  i cr , t he  beta or Ii i1 c- —lb(T’ tc --I t itanium 11 Ic-c- ’~
c- CC

c - l i e  St I c - ’ f l ( J  al  lo~ ( ‘c- l l ) c - u I ( i a t t ’S t
c-
oi c- 

f Ic - i t U i  c- ’ c - I t  i
c-

c- c - I - c - i t t  c- c-c - c - l f l! c - c- c - n e l I t  C C

1 rem an economic  I c- c- c -a s cIi ) I 01 1C ~~ c -t ilc - ’1 c - llh c - 1 t c - c - I c - l  1 f l c -~~. ‘i’hc-’ sd c- c - c t  cc-i

c - I  I I c - c - c -c-
c- s’c- c - s t  0111 t c - ’r  t h i s  pci I ion c- c -I (c-~

c- c - i I U c - 1  1 i (‘1) Ic-P c -I Cc-C c - r i  1 0\’ c- c- i c - c- c-c-

I1~1_ c - i l  Icy. The excel l en t  COflhI)inc-it 1 1 ) 1 )  01 hot—die i c - c - r c - b e c - I I c - i  l i t  \c-

and st r c n c - i t h — du c t  i i i  t y— t o u q h n c s s  101 at ionships p r0\’ I di’s t i c -i i s

a l l  o c-~ as a s trong p o t e n t i a l  ca nd i dat  c- c- fo r  iso herma l for c - i  1 1 1 1

of titanium aircraft structural Components. Wy man—Goi c - d on

I
; 

has had con side r able  ex pe r ie n ce on hot -d it ’ forqec--ibi li t V ,

St  l u c t c - L I - c , and proper t ies  fo r  t h i s  a i l c - w  ( c - c - , ~~~

( a )  E~~~e r im e n t a l  ‘ ui-c - i i c an ts  Recommended b
c-c-y

J\FM I 1

The two AFML c - recommended lubr ic c --l I l t  S (TRW ’ S lc-Fc-C— 8 and I c -P C—

11) ( , ) for  scale—up i n  isotherma l f c - c - r g  in g  of the  T i — i  0\ c- —

21-c-c -c -—3M al 1ev over the 1300F to 1 550F temperature ianqe were

f o r m ul a t e d  by TRW . A to ta l  of ten di f f e r c -c-c-n t l o t s  ci l ub r i c a n t s

was ordered by Wyman—Gordon ;  f i v e  d i f f e r e n t  lots per 1 (1lc- c -1 c - i~cc - l1) t ,

and a half— gallon per lot. ti c-c-tails c - c - f  the  composi t ions  an d

f o r m u l a t i o n s  for  the l ubricants are given i n  Table 7. It IC C

seen that the LF’C—8 is basically c - i borosjlic-’c--ite glass

Coating , while LFC—]l is a silicat e type of lubricant . As

desci c- i bed by the  lub r i can t  producer ( I
) , ~ hese I ic- ib i c -  (‘c - Il) t S

were formulated for spray  appi  ic -’at ion; i~i-c - C —I l W c - I S  d i  i t i t Od

with isc - -c-p rc -- pyl alcohol , and I.FC—8 was diluted with xylene .

They should be thoroughly  mixed  c - in t l  ac-i i t  c - i t  (‘c-i dur i n c - i ~lj ’ l ’ I  i c c - i t ~~0 f l c -

L~c- - - 
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TABLE 7

COMPOSITIONS AND GENERA L DESCRIPTION OF
ISOTHERMA L F O R GIN G  L UB R I C A N T S

SELECTED FOR PHASE I (TASK II) EFFORT :
I-c-o R  1lI -~

c- 1c-A T I T A N I U M  ALLOY USE AT 1300 TO 1550F T E M rP RA c - r c -VRE RANC1- ~

L u b r i c a n t  Compos i t ions  and
Source Desi gn a t i o n  F o r m u l a t i o n s  Genera l_ f lescr i 1-t ion

TRW Ic -F C_ I l * V i t r e o u s  phase :  1. E x p e r im e n t c - i l
6 0 %  13203, 3 1% Si C c - 2 l u b r i c a n t
7% K~~O , 2% CoO recommended foi

c
-

particulate phase: service at 1350-
3.7 wt.% TaC 1SOOF with Ni-alloy

di es
2.  An exce l l en t  wide-

thermal—spectrum
-

‘ 
isotherma l forging
coating for beta
T i - a l l o y s

TRW LFC_ll* Vitreous phase: 1. Exper imental lubri—
42% Si02, 2% Na20 cant recommended
6% K20, 49% PbO for service at l350F
1% LiO with ferrous alloy
Particulate phase: dies
4.5 wt.% CrC 2. ease in application ,

superior in compat-
ibi l i ty ,  stability,
and adhesion , hut a
somewhat high in
adhesion load

Acheson Deltaglaze- Water-based 1. Commercial lubricant
Colloids 149 silicate , glass for is~-otherma l
Company and organic resin forqinq uses

2. Excellent lubrica-
cation , protection ,
and viscosity in the
temperature ranqe
of 1300 to 1550F

* Recommended lubricant from
AFML Contract F33615-74—C—5059
(reference 5)
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(b) Scaled—up Evaluations for
Beta Titanium A lloy

Finish forging evaluations for the forty-four Ti-1OV-2Fe-3Al

alloy blockers were completed using two experimental isothermal

forg ing lubricants developed under AFML Contract F33615-74C-

5059, i.e., TRW ’ s LFC-8 and LFC—ll , and the “control” lubricant

Acheson Deltaglaze-149. As stated earlier in Task I effort ,

the forge variables were closely controlled and applied in a

consistent manner for  insur ing the constancy of forge ope ra t i ons .

It was revealed in the preliminary rib—and-web forqing

trials and under AFML Contract F33615-74C-5011 work at

Wyman—Gordon (‘) that the Acheson Deltaglaze—149 had excellent

lubrication efficiency in the temperature range of 1300 to

1550F . The Deltaglaze-149 should also have a more adequate

viscosity than Deltaglaze—69 at 1300 to 1550F temperature

ran ge (
8 ) c - Table 8 lists the details of the processing

variables used for this effort.

(1) Starting Forging Stocks

The Ti-1OV—2Fe-3A1 alloy of 8 inch round stock was purchased

from TMCA . The chemical composition (Table 2) of the as-

received Ti-1OV-2Fe- 3A1 stock (TMCA heat V-5145) is within

the proposed chemistry l imit  for this  alloy formul ation ( It )

and the starting stock was sonic inspected to acceptance

standard by ingot producer .

- c-
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TABLE 8 H
fr-

PROCESSING VARIAB LES FOR
FINISH FORGING EVALUATIONS OF
Ti-1OV-2Fe-3A1 ALLOY FOR
PHASE I (TASK II) EFFORT

Forge/ Average***
- Die Ram Pressure
- 

Serial Lubricant* Temp. Rate Furnace** Applied

- 
Number (Coating) (F) (in/mm ) Type (ksi)

1—7 LFC—8 1550 0.5 Electric 35
8—10 LFCc- 8 1550 0.5 Gas—fired 35

11—17 LFC—8 1400 0.5 Electric 37.5
- 

18—20 LFC—8 1400 0.5 Gas—fired 37.5

21—27 LFC—ll 1550 0.5 Electric 35
- 

28—30 LFC—ll 1550 0.5 Gas—fired 35

31—37 LFC—1l 1400 0.5 Electric 37.5
38—40 LFC—ll 1400 0.5 Gas—fired 37.5

41 Deltaglaze—149 1550 0.5 Electric 35
42 Deltaglaze—149 1550 0.5 Gas—fired 35

43 Deltaglaze—149 1400 0.5 Electric 37.5
44 Deltaglaze—l49 1400 0.5 Gas—fired 37.5

* Coated for 6 mils by spray

** Furnace t ime ~1—l/2 hour ; transfer time from furnace to
die ~5 seconds

*** Dwell time = 1 minute
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(2) Preparations for Forg ing Blocker s

The preliminary cogging and drawing processings for Ti-1OV-

2Fe-3A1 forging stock were done at 1550F using press forging .

They were then sectioned to 2-1/4 inches round x 11-3/8

inches long mul tip les. The multip les were blasted , ground

to remove minor wrinkles , and chem—milled to remove surface

layers. The fullering , f l a ttening, and blockinq were made

on the 2-1/4 inch round x 11-3/8 inch long multip les at

1550F using drop hammer. Unlike other beta titanium alloys ,

the forgeability of Ti-1OV-2Fe-3A1 alloy under hammering was

extremely good at 1550F . No evidence of surface cracking

was shown and surface wrinkling of Ti-lOV-2Fe-3A1 blockers

was less than that on Ti-6A1-4V blockers. The forging

blockers were blast-cleaned , ground to remove minor defects ,

an d c hem -m i l l e d  to remove s u r f a c e  alpha case.

(3) Finish Forg ing Evalua tion s

The forge practice and the tooling systems used for the Ti-

1OV-2Fe-3Al alloy are basically the same as those described

for Task I approach. However , three exceptions should be

noted :

~ 

- -
c- 

- 
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a. Forge/Die Temperature for
the Finish Operation :
l550F and l400F

The selection of these two temperatures was based

on our experience at Wyman-Gordon for the opti-

timized part—die temperature range. This should

also give the comparison of the difference in die

f ill between beta and alpha-beta forqinq operations.

b. Strain Rate and Dwell Time
in the Finish Operat ion

Our experience demonstrated that optimum strain

rate for hot—die forging at part/die temperature

of l550/ l4 00F is 0 . 5 c -c-c-l inch/minute ram rate ( c - )

A dwell time of 60 seconds was used to help die

fill for this alloy .

cc - Preform Microstructure: i~-Preforrn

Unlike (a+L~) preform xnicrostructure for Ti-6A1-4V

alloy stock used in Task I, the preliminary and

blocking operations for Ti-1OV-2Fe-3A1 stocks were

performed at 1550F to establish the same ~~~
-

preform microstructure in all preforms .

( c - I
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Figures 20 through 27 illustrate the visua l appearance of

isothermally forged Ti-1OV-2Fe-3A1 alloy structural comno-

nents at as-forged and blast—cleaned conditions. The results

demonstrated that the LFC-ll gave the best combination of

lubricity and adhesion characteristics in both electric and

gas-fired furnaces. LFC—8 provided excellent adhesion

properties , but it displayed comparably noor lubricity - m d

stability. The Acheson ’s Deltaglaze-l49 had excellent anti—

fr ict ion characteri stics ; however , it gave unfavorable

adhesion strength. Although the gas-fired environment

appeared to give an e f fec t  on both metal flow and adhesion

strength of the coating , the degree of influence for these

beta-titanium alloy lubricants was considerably smaller , as

- 
- c- compared with the lubricants (i.e., GFBN-8 and Cc-FTC-8) for

alpha-beta titanium alloys.

Another important observation for this portion of the program

C 
is the direct demonstration of the excellent isothermal

forgeability of Ti-lOV—2Fe-3A1 alloy for producing an actua i

aircraft component forging . As previously reported by

Wyman-Gordon ( 6 ) ,  the use of Ti-lOV-2Fe-3A1 alloy may have

major impact on the cost-effectiveness for the current

isothermal forging technology of titanium alloy ; isothermal

forging of this alloy at 1300—1550F temperature range would

possess significant advantages in reduced die materials and

tooling costs, simplified handling, and energy savings over

isothermal forging of Ti-6A1-4V alloy .
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B. Phase II - Lubricant Development

The Phase II effort aims at searching for an improved lubricant

for isothermal forging application. The basic development

concept concentrates on the lubricant formulations capable

of providing effective lubrication, while meeting environ-

mental and safety requirements. This program attempted to

maximize the lubrication effectiveness for the water-based

lubricants by optimizing the dispersed powder compounds and

vitreous inorganic binders.

1. Continuous Investigations
in the Improved Lubricants

The selected most promising lubricants for isothermal forging

of titanium alloys from AFML Contract F33615—74C-501l and

Contract F33615-76C-5059 allow good performance for laboratory-

size forging examination, but the choice among the lubricants

to manufacturing applications is still dependent on the

relative virtues and limitations. It appears highly desir-

able if a new lubricant formulation , which would provide the

combined advantages of lubrication effectiveness and environ-

mental and safety objections, could be developed .

The most favorable and logical formulation, capable of

providing the combined requirements of effective lubrication

and envi~orunental and safety consequences , will be the

water-based one, because of its satisfaction to the EPA and

OSHA environmental safety and health requirements. However ,

the acceptable and successful performance of the water-based

lubricants to manufacturing applications will require an

improvement in the lubrication effectiveness.
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2. Water-Based Lubricant Formulations

Examination of the chemical ingredients in Acheson Deltaglaze-

69 indicates that there are at least two modifications which

could be made in order to improve the lubrication effective—

— ness without sacrificing the practical advantages imposed by

water-base lubricants: (1) addition of boron nitride (BN)

powders to increase the lubrication efficiency, and (2) use

of potassium glasses to increase the protective action of

the t i tanium part , to reduce corrosive activity of the

coating on both the titanium stock and the nickel-base

alloys, and also to enhance the viscosity of the coating .

BN powder is a unique lubricant additive which combines out-

standing thermal stability and inertness to both nickel-base

and titanium—base alloys. It is nontoxic , highly resistant

to thermal shock , and insoluble in water. Its thermal

stability and oxidation resistance are much better than

graphite in the temperature range of 1300 to 1800F . In

addition, it possesses excellent density and lamellar struc-

ture which should contribute to effective lubrication and

interface separation . It has been demonstrated that the

addition of BN into xylene—base lubricant significantly

hel ps on lubricity, reduces in lubricant accumulation in the

cavity , and improves release action from the die ( l )~~
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Another factor of major importance in determining a successful

lubricant-coating for hot-die forging systems is the urotective

action and the corrosive activity of the coating . This

implies that the vitreous components in the lubricant should

contain the ingredient which could provide excellent surface

protection and less corrosive activity on both titanium

parts and nickel-base die alloy during long-term , hi gh

temperature in ai r .  Recent work (
15

) has shown that , among

various binary alkali  silicate and alkal i  borate glasses

used for coa ting ti tanium during heating in air , the potassium

glasses showed the highest viscosity of the melt , thus

providing the best protective propert ies and the least

corrosive activity for titanium. As the alkali metal oxide

content in the coating decreases, the viscosity of the

coating increases , and the protective action increases and

the corrosive activity decreases. It is very likely that

the above basic principles can be used in improving the

effectiveness of water—based lubricants for isothermal

forging of titanium alloys.

3. Lubricant Variables Proposed

As mentioned previously, one of the soundest approaches to

maximizing the lubrication effectiveness for the water-based

lubricants involves optimizing the compound s of dispersed

powder an d v itreous inorganic binder.  The EN wi l l  be used

as dispersed phase additives; the addition of proper compo-

sition of BN is expected to promote effective lubrication

and interface separation.
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In addition to the BN addition , the vitreous components con-

sisted of potassium glasses; this glass should provide high

viscosity, excellent protective action , and low corrosive

activity of the lubricant coating . The optimum quantities

for each component in the vitreous components required

experimental determinations.

The basic constituents and th€ weight percentages of the

componen ts for the exper imental  lubr icant formulat ions  are

given below :

(a) Boron Nitride (BN): BN is commercially available in

various particle sizes. The proposed powder will be

HCP grade which is finest powder and also the least

expensive. Previous experience indicated that the BN

requires careful storage and protection from atmos-

pheric contamination before application. The weight

percentages of the BN used were 10, 15 , and 30%.

(b) Potassium glasses: The K20 proport ions in K20-B203-

Si02 v itreous components were 10, 20 , and 30% because

th is range of K20 was shown to possess a des irable

v iscosity of the vi treous coa ting (15 ) c - The addit ion

of B203 in the vitreous components wil l lower the

mel ting point and increase the viscosity of the silicate

coating . It also provides oxidation protection for BN

powders.
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(C)  A small amount (1%) of acrylic emulsion (acrysol liciuid)

was added as a resin binder in order to facilitate the

film strength. The acrysol liquid is emulsif iable wi th

water. It was compared to a zero level.

(d) A 1% cobalt oxide was added to increase the thermal

stabil ity and to reduce the radiat ion losses of the

hea t during t r ans fe r r i ng the preform from the fu rnace

to the die. It was compared to a zero level.

Thirty—six (36) lots of new water-based lubricant formula-

tions were prepared by vary ing the amount of dispersed BN

powders (10, 15 , and 30%) and K
20 in vitreous components

(10, 20 , 30% K20 in K20—B 2O3SiO2), and wi th the addi t ion of

acrysol liquid and/or cobalt. The borosilicate composition

was 65% B203 and 35% Si02.

4.  Lubricant Performance Testing

The proposed lubricant formulations were tested experi-

mentally to determine their lubrication e f f i c i e n c y  as a

potential candidate for isothermal forging applications.

The i n fo rmation regarding the fr iction , adhes ion , protective

action , corrosive activity in both gas—fired and electric

furnaces provided by these coatings were analyzed . 
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The application procedure for preparing the test samples in

this program is the same as that previously reported for

water—based lubricants (
1

)
~~~ The samples were cleaned by

chemc--mill followed by sandblast , preheat at 150 F, coat the

lubricant with air spray gun for about six (6) mils , allow

film 10 dry completely . In order to  d~ ve1op lubr icants

acceptable for manufacturing applications, both gas—fired

and electric furnaces were used for these tests.

(a) Thermal Stability Tests

Several sections of the 4-9/16 inch round bar of Ti-6A1-4V

alloy were cogged and drawn to about 3 inch diameter by 200

inch long at l750F . They were chem-milled to remove 20 mils

per side of the surface , and cut into 3 inch diameter by

3/4 inch multiples.

One hundred (100) samples were prepared and machined to 2-

3/4 inch diameter x 1/2 inch thick for thermal stability

tests. The 100 coating and heating tests for about 50 lots

of lubricants were carried out in both gas—fired and electric

furnaces. The tests were made at l750F for six (6) hours.

Both thickness and weight changes of the lubricant films

were measured and visual changes of the film appearance were

characterized . Some of the samples were also cut for

metallographic examinations.
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Based on the results of Phase I (Task I) lubricant evaluations

i t  was decided that , in order to develop a more successful

lubr icant  for  the Phase II  e f f o r t , an add it ional e f f o r t

shcu ld be made on several existing lubricant formulations.

These lubricants included several Wyman—Gordon in-house

developed formulations (CP—22 , CP-3l , et al) and A. 0.

Smith’ s CG-54 (
1 6 ) c - Deltaglaze—69 , OPT—1l2, and GFBN-8 were

also included for the tests. Note that this portion of the

effort is beyond the contract requirements. However , the

above coatings may have advantages in achieving better

stability in gas—fired environment and effective lubricity

for isothermal forginqs.

The results of metallographic examinations on the sample

surface regularity indicated that in electric furnace the

best combination of thermal stability and protective action

of the coatings was achieved by CG-54 and D-69. Severe

corrosive attack was observed for GFBN-8. In gas—fired

furnace , both potassium glasses and CP-type coatings displayed

good protection and corrosion resistance. D—69 and CG-54

had excellent stability and film appearance in both electric

and gas-fired furnace. For the formulations consisting of

potassium borosilicate glasses and boron nitride , the film

strength and stability of the coatings increase as the

amount of K20 increases (Figures 28 through 30) . A comparison

of surface protection and corrosive action after six hours ’

exposure at l750F for several promisinq lubricants is also

illustrated in Figures 31 and 32 for gas—fired and electric

furnaces , respectively.
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Figure 30 Film appearance of  therma l stability tested samphi’s
with various lubricant coatinqs after six (6) hours
at 1750F in gas—fired furnace
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(b) R i  tI~~ C-’omj’~r&’ssiofl ~t ’st S

A tot5i l of 100 ring compression tests were m~tde to ~~v.t I u 5 i t e ’

the anti-friction characteristics tor the 20 difterent

lubr icant combinations; these compositions were selected

based on the thermal stability test results. Several promisin~

coatinqs such as GFUN—8, Dcltaqlaze OPT-112 for al pha—beta

titanium alloys, and LFC-8, LFC-1l and Deltaqlaze-149 for

beta titanium alloy s were also inc luded for this evaluation.

It is noted that the ring compression tests havt’ often been

used for the determination of the fric tion coeff icient in

metal-working processes (
~ ,

The test conditions were at 1750r’ forge/die temperatures for

Ti— 6A1—4V alloy coatings , and at 1550F and 1400F for Ti— 1OV—

2Fe— 3A1 alloy coatings. The percent reductions were ranged

from 20 to 80%. One hundred (100~ samples of 1 inch thickness

were cut and prepared from 3 inc h round stock. They were

machined to the dimension of OP:IP:thickness 2.620 inch

1.310 inch : 0.875 inch fpr ring compression test preforms ;

this gives a thick washer of proportions OD:ID:thickness

6:3:2. A sketch showing the dimensions of ring compression

specimens is given in Figure 33 . After the tests , the

internal rinq diameter and ring thickness were measured , and

both the percent decrease in internal rinq diameter and the

percent reduction in thickness were calculated .

88
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Figure 33 A sketch showing the dimensions of ring compression
specimens used on this program
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The ~‘su I t  s ot  t n~i compress ion t ‘ s t s : ~ ii Ft ’ s 14 t h i  o ut :  h

ShoWed t h a t t hi ’ Di ’ 1 t ag  I a: (‘—69 coa t  ng pi cvi  ded a ~~s ry  h i g h

de~,r ’e o t l u b r i c i t y ,  i n  hot  h e lec t  t ic and g a s — t i r e d  t u i t : ac t ’s

but ~Ft~N— 8 and OPT— 1 12  have poor ab i  1 i t y  to  w i t h s tan d  g a s —

t t e d  Of lV i  t onment ( i t i r e  ~s - 1 a )  . S im i  lar gas— t i red s t a b  t l i t  v

problems were al so observed fo r  Wy m a n— c or d o n  CP — t ypes o

coat  ings (Figure ~4b) . However , all of the i s o t h e r m a l

org i nq l u b r i c a n t s  t or beta titanium a I oys gave cxc ’ 1 lent

ant i — f r  ict  ion c h a r a c ter i s t i c s  and abi i i  t v  to withst and ~i a s —

t red env i r o nme n t  (F igut - e i4~’ ) . Fx:impl es o r i n~ compress ion

samp les for several l u b r i c a n t s  ar c  given and compared in

F’i~iures 35 , 3t- . , and 37 .

(c) R i b - an d — W e b _Forg in ~~~Tr ia1s

Rased on the results of therma l stability and ring compi es—

si on tests , four l u b r i c a n t  f o r m u la t  ions  were then select t’d

or t u r t  her ri b—and—web f o rg  i~ g t r yo u t s .  Here , t he r ii ’— t i l l

f o r g i ng  tests served to provide the i n f o r m a t i o n  r e L l ar d i ng

the adhesion and ant i—f n e t  ion c ha ract  en st ics p rov ided  by

the lubricants from laboratory scale. Again , the 0.5 inch

t h ick  p l a t e  stock (T MCA heat  number N— ~~t. .’8) was used in  t h i s

r i b — a n d — w e b  for~i inq test ; the  p late stock was produced by

co g gi ng  and d rawinq  at 17SOF. The mierostructure ot t he

starting plate stock is characterized by f i n i s h  t o r g i n ~i h i o h

in the ( i + t ~ ) field (Figure 38)
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A series of rib—and—web forging trials were carried out for

f o u r  (4) Wyman-Gordon lubricant formulations. (‘.FBN—B and

LFC-ll were also used for comparison. Thirty-two (32)

machined Ti— 6-4 flat blanks (0.5 inch x 2.65 inches x 4.64

inches) were blasted , and coated with various lubricants.

They were d irec tly finish forged in one operation at forqe/die

- tempera tures of 1750 F and l600F to the conf i gura tion shown

in Fiqure 3. The forging variables for the Phase II rib—

and-web forg ing trials is listed in Table 9.

It was shown that Wyman—Gordon modified watergiass (CP-C9)

coating provided excellent degree of part fill , but WG CP-Cl

provided excellent adhesion properties. As a result , WG C P—

C9 and CP—Cl coatings were selected for finish forging

S evaluations. A comparison of the results for these lubricant

optimization trials is given in Figures 39 and 40.
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- TABLE C)

FORC I NG VARIABLES FOR TilE
PHASE I I  RI B -AND—WEB FORGING T R I A I 4 S

U SIN G  T i — 6 A 1— 4 V  ALLOY

Stock/ d ie  Ram t oad
Se r i a l  Temp . Furnace  R,~ t c - \ n ) s~ t O l l
Number Lub r i cant*  (F)  Tfl-se ( i  Ti In ii 1 ( t oti s

1, 2 CP—C9 1750 E l e c t r i c  0 . 2
1 , 4 1750 G a s — f i r e d  0 . 2
5 1600 Electric 0.2 12”
6 1600 G a s — f i r e s . !  0.2

7, 8 Cr— RIO 1750 Electric 0.2 22”
9 , 10 1750 G a s — f i r e d  0 . .’

11 1600 E l e c t r i c  0 . 2
12 1600 G a s — f i r e d  0 . 2

13 , 14 CP—B1 7 1750 E lec t r i c  0 . 2
15 , 16 1750 G a s — f i r e d  0 . 2  .‘ .~~~~

17 1600 E lec t r ic  0 . 2
18 1600 G a s — f i r e d  0 .2  12’ ~

19 , 20 CP— C1 1750 Electr ic  0 . 2
21 , 22 1750 G a s — f i r e d  0 .2

23  1600 E lec t r i c  0 . 2  1 7 5
24 1600 G a s — f i r e d  0 . 2

25 , 26 G F B N—8 1750 E l e c t r i c  0 . 2
27 , 2l ~ 1750 G a s — f i r e s . !  O .

2 ’~, 30 l .FC — l1  1750 E le ct r i c  0 . .~
31 , 12 1750 C a s — t  it-ed 0 . 2

*coated for  6 mi 15; fu rnace  t ime = 1 h o u r ;  t t a n s  or t j Plo ‘~ ‘:ccs.’ s i t d’~

I 0 1

________  - ~~~ ~~~~~~
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1

~ ) )  (
~as— f1re~

j furnace: 1600F/0.2 in/nin

cP—C9 C1’— BlO

CP-B17 CP-C1

_ _

(b) Electric furnace : 1600F/O.2 irt/min. i i  2 1  3 ’rrt i I [.

cp—C9 C P — B l O

_~~~~

CP—B17 CE-Cl 
—

Fiqti re 40 Side view of rib—and—web forqinqs produced f rom
Phase II rib—and-web forqinq trials for several
l u b r i ca n t s  -
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( d )  Sca1ed— ~~~~ l - v i 1 u a t j o n s

:\ SCI lOS s.~’t l u b r i c a n t  s c a l e d — u p  f o r g i n g  t ry o u t s  u s i n q  the ~~; S

~04t .  d i e  set were p er f o r m e d  f or  two se lect ed  lu h r i c an t s ,

1 .0 .  , w1- : Cl’ —C ’~ and C1’ —C 1 c o t t  in g s  - The l u b r i ca n t  e t fec t  i v e —

I s O  55 t o t  t hose 1 4 - I L ’ F  i s . 1 i n t  t o  t I ’ICIl  1it  31)5 WCr~ t u r t  her com~s _ i rOd

w i t  h t hoss.’ obt a in es . l  rem the 1 uh n  1 ca n t  s s el e c t e d  in  rhase 1

e • , TR W’ S ~ F l i N — ~ . The process in’l v a t -  i a l ’l  es f o r  t he t m u  ~ t - L

i ~ g ova l  ua t ions a re  ~i iv c n  in T a b l e  1 0.

( l ~ The T i — t ’ :\ 1 — 4 V  alloy m a t e r i a l  ton this portion ot the

t ’ ro s . ir a rn  w a s  obt a ined  f rom the same ban stock (TMC~ hea t

N — 8  f s 5 4  as t h a t  used i n  Task 1 0 t E h i s e  I . The s.’hs.’Pl i St  V\’

.i nd rn i s .  r o s t  m c t  ure  o t h e  a s— i-ece j ~es.1 St  ock WO 10 ‘l i v O n

in  T a b l e  V and F’ i ~ure  4 , respec t  i vo l  y -

( 2 )  The fo rq in~i stock was co~i q ed and d raw n  f rom 4 —  4-~ ~~~~~

inches round to 2 — 1 ( 4  inches round at  1750F.  They were

then sectioned in to  1 1 — 3  ‘8 inches lonq m u l t i p les.  The

2— 1/ 4  inches diameter  x 11—3 , 8 inches  lonq fo r q i n g

multiples were blast-cleaned , ground to  remove minor

wrinkles , ar.d chem—milled .

- 
_ (3) The fuller , ,~rehlocker , and blocker operations for the

forqinsa multiples were also carried out at l75OF . The

blockers were blast-cleaned , ground to remove minor

defects , and chem-milled to remove surface alpha case.

They are ready for finish forging evaluations.

(4) Scale-up evaluations of the select lubricants were then

performed to determine the reproducibility of the new

formulations , fol low ing the approach descr ibed in

section Phase I (Task I) for Ti—6Al—4V al loy .
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TABLE 10

- 

- PROCESSING VARIABLES FOR FINISH FORGING EVALUATIONS
OF T i-6 A 1 -4 V  ALLOY FOR PHASE II  EFFORT 

——

Forge/ 1\veras.Sle ***
Die Ram Pressure

Ser ia l  Lubr ican t*  Temp . Rate  Furnace ** App l ied
Number (Coat ing ) ( F )  ( i n / mm ) Type (k s i )

1 — 17 CP—C 9 1750 0 .1 Electric 25

8 — 10 CP—C9 1750 0.1 Gas—fired 25

11 — 17 CP—C9 1600 0.1 Electric 37.5

18 — 20 CP—C9 1600 0.1 Gas—fired 37 .5

21 — 27 Cr—Cl  1750 0.1 E lec t r i c  25

28 — 30 Cr—Cl 1750 0.1 G a s — f i r e d  25

31 — 37 c r—cl  1600 0.1 Elec t r ic  3 7 . 5

38 — 40 CP— Ci 1600 0.1 G a s — f i r e d  37 •5

41 GFBN—8 1750 0.1 Elec t r i c  25

4 2  GFBN—8 1750 0.1 G a s — f i r e d  25

43 GFBN—8 1600 0.1 E l e c t r i c  3 7 . 5

44 GFBN— 8 1600 0 .1  G a s — f i r e d  3 7 . 5

* Coated for  6 mi l s  by spray

** Furnace  t ime 1-1/2 hour; transfer time from
f u r n a c e  to die 5 seconds

*** Dwell t ime = 1 minute
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Figures 41 through 45 present the f o r t- i- f o u r  ( 4 4 )  s t r u c t u r a l

componen t forg ings produced for the Phase II effort; both

as-forged and blast-cleaned surface conditions are illustrated .

The resul ts  of this  portion of the evaluat ion can be b r i e f l y

outlined as follows: (1) CP—C9 (WG ) offers stability

advantages over CP-Cl and GFBN—8 in gas-fired environment ,

(2) CP-Cl has excellent adhesion properties , but poor in

anti—friction and atmosphere stability , (3) Each lubricant

still has its relative virtues and limitations in manu-

fac turi ng performance. An adequa te balance of the lub ricit y

and adhesion properties is still a major  probl em f or these

lubricants. However , among the three lubricants evaluated ,

the GFBN—8 displays the best combination of lubricity and

adhesion characteristics.

It is generally acceptable that the glass coa tings have

major advantages for i sothermal forging in providing a hi gh

degree of lubricity and in maintaining a continuous f i lm for

excellent protection. However , the results of this investi-

gation demonstrated that, from a manufacturing viewpoint ,

there are several limiting features with glass coatings for

a successful lubricant: (a) sticking of the forging in the

dies , (b) poor ability to withstand gas-fired environment at

high temperatures , (c) accumulation or build-up in die

cavities, (d) some corrosive activities on titanium alloys ,

(e) relatively rough surface finish , and (f) glass stringers.
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There are two possible approaches for improved isothermal

fo rging  lubr ica t ion  of alpha-beta t i t an ium al loys:  ( 1) To

further continue investigations in water—based boundary

lubricants containing dispersed solid film powders as an

interface separation agent and inorganic binder as a wetting

agent for the workpiece. The wetting component may be

either ceramic compound or improved glass-type compositions.

Here , the new lubricant formulations should be able to

provide the combined advantages of improved stability in

gas-fired environments, excellent anti-friction character-

istics , low die/ work-piece adhesion , low accumulation rate ,

and less corrosive action. (2) To apply die lubricant as

an efficient parting-compound between dies and workpiece.

The die lubricants have to adhere effectively and can be

applied repeatedly to the dies at high temperatures. They

should also behave non-reactive to workpiece coating.

Little work has been previously made on the die lubricant

concept for isothermal forging applications.
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C. S t r u c t u r a l  Examination

Three forqinqs were sectioned for both macro and micro-

structural examinations; a sketch showing the locations of

macro slices and microstructure examinations is qiven in

Figure 46. The sectioned forginas were selected from one of

the best forqinqs from Ti-6Al-4V alloy parts and from each

of  alp ha-beta forged and beta-forged Ti-1OV—2Fe-3Al alloy .

Fi-aures 47a and 47b illustrate the macro and microstructures

of the as-forged T i — 6 A l - 4 V  a l l o y .  It  is seen tha t  the

f o r s a i n g  had a h i g h ly  d is tor ted macroetch pa t te rn  wi th  a

s t r u c t u r e  charac te r ized  by the a lpha-beta  f i n i s h .  The

m i c r o s t r u c t u r e  of the f o r g i n g  conta ins  approximately 2 5 V 3 5 %
al  p }1~

i : l ob u la rA in  a m a t r i x  of t ransformed alpha plus  beta , cha racter-

i s t i c  of f o r g i n g  at  temperature moderately high in the

al pha-beta f i e l d  w i th  an a ir  cool.

The structures for alpha—beta and beta forged Ti-lOV—2Fe-3A1

a l l o y  are  qiven in Figures  48 and 49 , respectively. Here

the m a c r o s t r u c t u r e  of the a lpha—beta  forgir tqs  is character-

ized by a h iqh lv  d i rec t ional f low pa t te rn  in the zones

leading from t h i n  web to t h in  r ibs (Figures  48a and 48b )

However , the be ta- forged  condi t ion  shows a r e c r y s t a l l i z a t i o n

of hot-worked structure with a much lesser degree of grain

f low in the  zones l ead ing  f rom web to ribs (Figures  4~~a and

4 9 b ) . The m i c r o s t r u c t u r e  of both al pha-beta and beta

1 1 9
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Figure 46 A sketch of F-15 Bulkhead-Centerbody forqinq
showing locations for structural examinations
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forged Ti-lOV-2Fe-3A1 alloy consists of fine alpha in a - 

-

matrix of large beta grains; characteristic of beta titanium

alloy forgings. However , the microstructure of beta forged

condition is characterized by a finer and lesser transformed

alpha needles in a matrix of less distorted and larger beta

grains , as compared with alpha-beta forged condition.
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